Neuroma formation after peripheral nerve injury is detrimental to functional recovery and is therefore a significant clinical problem. The molecular basis for this phenomenon is not fully understood. Here, we show that the expression of the chemorepulsive protein semaphorin 3A (sema3A), but not semaphorin 3F, is increased in human neuroma tissue that has formed in severe obstetric brachial plexus lesions. Sema3A is produced by fibroblasts in the epineurial space and appears to be secreted into the extracellular matrix. It surrounds fascicles, minifascicles, or single axons, suggesting a role in fasciculation and inhibition of neurite outgrowth. Lentiviral vector-mediated knock-down of Neuropilin 1, the receptor for sema3A, leads to increased neurite outgrowth of F11 cells cultured on neuroma tissue, but not of F11 cells cultured on normal nerve tissue. These findings demonstrate the putative inhibitory role of sema3A in human neuroma tissue. Our observations are the first demonstration of the expression of sema3A in human neural scar tissue and support a role for this protein in the inhibition of axonal regeneration in injured human peripheral nerves. These findings contribute to the understanding of the outgrowth inhibitory properties of neuroma tissue.
Introduction
Severe peripheral nerve lesions can cause life-long functional impairments. A typical example is the obstetric brachial plexus injury that occurs in two to three of every 1000 births (Pondaag et al., 2004) . Severe traction to the brachial plexus during birth induces the formation of intraneural scar tissue. This is known as "neuroma in continuity" (MacKinnon and Dellon, 1988) and constitutes an environment that inhibits nerve regeneration (Sunderland, 1991) . Resection of the neuroma and bridging of the gap with autologous nerve grafts to connect proximal and distal nerve stumps usually results in some axonal regeneration, but functional recovery is never complete. Therefore, neuroma formation is a significant clinical problem.
The molecular basis for the outgrowth-inhibitory properties of neuromas is not fully understood (Sunderland, 1991) , but may be partly caused by the excessive proliferation of fibroblasts which in turn produce inhibitory molecules (Badalamente et al., 1985; Morgenstern et al., 2003) . A number of molecules have now been identified which are growth-inhibitory in the nervous system, for example, Nogo, chondroitin sulfate proteoglycans, and chemorepulsive axon guidance proteins (Fawcett, 2006) . In the peripheral nerve neuroma, the secreted chemorepulsive axon guidance proteins semaphorins 3A (sema3A) and 3F (sema3F) may be of particular importance, for several reasons. First, their expression is upregulated in the rat sciatic nerve distal to a lesion (Scarlato et al., 2003; Ara et al., 2004) . Second, the receptor for sema3A, neuropilin 1 (npn1), is constitutively expressed in motoneurons and sensory neurons of the peripheral nerve Lindholm et al., 2004) and adult sensory neurons remain sensitive to sema3A (Reza et al., 1999; Tang et al., 2004) . Finally, in the developing brachial plexus, sema3A and sema3F coordinate the timing and fasciculation of motor axon growth and determine the dorsoventral organization of motor axon projections (Huber et al., 2005) .
We studied the expression of sema3A and sema3F in neuroma tissue from nine obstetric brachial plexus injury patients that was removed during reconstructive surgery. Tissue from the same nerve trunk proximal to the neuroma served as a control. A small segment of this proximal nerve stump is routinely harvested for intraoperative neuropathological assessment, as its quality influences surgical decision making (Malessy et al., 1999) . The availability of this material provided us with the unique opportunity to compare, within a single nerve, two types of tissue with con-trasting properties: the outgrowth-inhibitory environment of the neuroma and the outgrowth-supporting environment in the stump proximal to the neuroma.
Here, we show that the expression of sema3A, but not sema3F, is induced in fibroblasts present in neuroma tissue of obstetric injuries to the upper brachial plexus. Sema3A is localized around fascicles or around individual axons and inhibits the outgrowth of neurites from a neuronal cell line cultured on slices of human neuroma tissue. This is the first demonstration of the expression of this chemorepulsive protein in human neural scar tissue and the results point to a role for sema3A in the inhibition of axonal regeneration in injured human peripheral nerves.
Materials and Methods
Materials. The average age of patients was 5 months (range, 4 -6 months). Nerve and neuroma material was harvested during reconstructive brachial plexus surgery, snap-frozen within 15 min after surgical removal, and stored at Ϫ80°C. All material used in this study was anonymized according to the proper use code of the Pathology Department of the Leiden University Medical Center. Neuroma material consisted of the upper branches of the brachial plexus: spinal nerve C6 (n ϭ 2) or the superior trunk of the brachial plexus (n ϭ 7). The proximal nerve stump consisted of a segment of the spinal nerve C5 (n ϭ 7) or C6 (n ϭ 2). All material was diagnosed intraoperatively as neuroma or as proximal nerve stump suitable for grafting according to previously described criteria (Malessy et al., 1999) .
RNA isolation and qPCR. Tissue samples were homogenized in 3 ml of Trizol (Invitrogen, Eugene, OR) per 100 mg using an ultra-turrax device. After phase separation by addition of chloroform, the aqueous phase was mixed with an equal volume of 70% ethanol, further purified with an RNeasy Mini column (Qiagen, Valencia, CA) and stored at Ϫ80°C. The quality of the RNA was determined using a 2100 Bioanalyzer (Agilent, Palo Alto, CA). The average RNA integrity number was 8.2 (range, 6.4 -9.3). cDNA was synthesized from 150 ng of RNA using Superscript II (Invitrogen). Real-time quantitative PCR (qPCR) on sema3A and sema3F expression was performed with SYBR-green master mix (Applied Biosystems, Foster City, CA) on an ABI5700 (Applied Biosystems) (Hope et al., 2003) . Expression levels were normalized using the geometric mean of the three reference genes B2M (beta-2-microglobulin), zeta polypeptide) , and HMBS (hydroxymethyl-bilane synthase) (Vandesompele et al., 2002) , which were selected from a total of six potential reference genes as being the most stably expressed genes in our samples. For a list of all primer sequences, see supplemental Table 1 (available at www.jneurosci.org as supplemental material).
In situ hybridization. A 590 base pair (bp) fragment ranging from bp 1726 -2316 was cut from a plasmid containing the full-length human sema3A cDNA with the restriction enzymes NcoI and HindIII and subcloned into pBluescript (Stratagene, La Jolla, CA). This region was selected for the construction of riboprobe because of its limited homology to other secreted semaphorins. Digoxigenin-labeled sense and antisense cRNA probes were made as described previously , but to increase binding specificity, alkaline hydrolysis of the probe was not performed, resulting in a probe length of 590 bp. In situ hybridization was performed on 10-m-thick transverse cryostat sections as described previously (Mason et al., 2002 ) with a probe concentration of 600 ng/ml and a hybridization temperature of 67°C. The specificity of the hybridization signal was verified by comparison with the sections processed with sense probe under identical conditions.
Immunohistochemistry. Neuroma and proximal nerve stump samples were cut into transverse, 20-m-thick cryostat sections and fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4, for 20 min. Immunohistochemistry was performed (De Wit et al., 2005) with the primary antibodies mouse anti-neurofilament (1:1000, 2H3 ascites; Developmental Studies Hybridoma Bank, University of Iowa, IA) to visualize neurites, rabbit anti-S100 (1:200; Dako, High Wycombe, UK) to visualize Schwann cells, and rabbit anti-fibronectin (1:100; Millipore, Temecula, CA) to visualize fibroblasts. To visualize sema3A, N15 goat anti-sema3A (1:25; Santa Cruz Biotechnology, Santa Cruz, CA), C17 goat anti-sema3A (1:25; Santa Cruz Biotechnology), and Q18 goat antisema3A (1:25; Santa Cruz Biotechnology) were used. These three sema3A antibodies bind to distinct epitopes in sema3A. N15 binds to an epitope that lies within a region corresponding to amino acids 25-75 of the human sema3A, C17 to a region corresponding to amino acids 721-771 and Q18 to an epitope corresponding to a region between amino acids 675-725 (for information on epitopes from manufacturers, see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
For neurofilament and S100/fibronectin, donkey anti-mouse-Cy3 and donkey anti-rabbit-Cy3 were used as secondary antibodies respectively (1:400; Jackson ImmunoReagents, West Grove, PA). For N15, C17, and Q18, biotinylated anti-goat antibody (1:800; Vector Laboratories) was used followed by streptavidin-Cy2 (1:800; Jackson ImmunoReagents).
Short-hairpin-mediated knock-down of npn1 in a neuronal cell line. F11 cells are derived from a fusion of mouse embryonic neuroblastoma cells and rat dorsal root ganglion neurons (Platika et al., 1985) . Neurite outgrowth in these cells can be induced by withdrawal of serum and the addition of forskolin to the culture medium. To knock down the expression of npn1 in F11 cells, they were transduced at a multiplicity of infection of 50 with a lentiviral (LV) vector expressing a short-hairpin (sh) RNA targeting the npn1 sequence CTTCAACCCACATTTCGAT under an H1 promoter (Brummelkamp et al., 2002) next to a CMV promoter driving the expression of green fluorescent protein (GFP). As a control, F11 cells were transduced with an LV vector encoding an shRNA targeting the Arabidopsis sequence AGATCCTCTGTTCTCTCTC (which has no homology to mammalian genes). Knock-down of npn1 was determined with qPCR as described above using primers and reference genes listed in supplemental Table 1 (available at www.jneurosci.org as supplemental material).
Culture of F11 cells on neuroma sections and quantification of neurite outgrowth. A total of 2.5 ϫ 10 4 F11 cells, transduced with either npn1 knock-down or control vector, were plated onto thawed 20-m-thick cryostat sections of freshly frozen nerve or neuroma from five patients in 500 l of DMEM containing 0.5% fetal bovine serum, 100 IU/ml penicillin, 100 g/ml streptomycin, 2 mM Glutamax (Sigma, St. Louis, MO), and 20 g/ml forskolin. After 48 h, cells were fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer and coverslipped. For each condition, three standardized images of GFP positive F11 cells were randomly made using a Zeiss (Oberkochen, Germany) Axioplan 2 microscope and an Evolution QEi digital camera (MediaCybernetics, Silver Spring, MD). A total number of 1599 cells and their neurites were manually outlined by an observer blinded to the treatment using ImagePro Plus software (version 5.1; MediaCybernetics) and the total neurite outgrowth per cell was calculated. The values for npn1 knock-down or control cells were averaged for each nerve and neuroma (n ϭ 5 in four groups) before statistical analysis.
Statistical analysis. All samples were tested for normality with a Shapiro-Wilk test. In cases where W Ͼ 0.05, a paired two-tailed Student's t test was performed, in all other cases a Wilcoxon signed-rank test was performed. A p value Ͻ0.05 was considered significant.
Results

Neural architecture
Neurofilament staining showed a difference in the cellular architecture of the proximal nerve stump and the neuroma (Fig. 1a) . In the proximal nerve stump, axons aligned tightly within fascicles and were oriented perpendicular to the transverse section. The neuroma usually had a much larger cross-sectional area (Fig.  1a, insets) , in which axons could be identified in fascicles, minifascicles or as single axons. Fascicles were oriented in different directions in a chaotic pattern within the epineurium.
qPCR
The expression levels of sema3A and sema3F as determined by qPCR and compared directly to the proximal nerve stump from the same patient showed a 1.8-fold higher level of sema3A in the neuroma tissue ( p ϭ 0.008), whereas no difference was observed for sema3F (Fig. 1b) .
In situ hybridization
In situ hybridization was performed to determine the cell type that expresses sema3A in the neuroma. Hybridization with the antisense sema3A probe resulted in strong staining of large epineurial and perineurial cells with a typical fibroblast-like morphology surrounding fascicles (Fig. 2b,c) or mini-fascicles (e). Both the antisense and the sense probe revealed some staining of other structures, particularly of myelinated axons (Fig. 2a,b) . This was considered to be background staining and not the result of specific binding to sema3A mRNA.
Immunohistochemistry
Sema3A could be visualized with the N15 antibody in some proximal nerve stumps (n ϭ 4), in which case it was almost always located in the epineurial space on the outer boundaries of the nerve (Fig. 3a) or in between fascicles. Very rarely, an area within a fascicle was weakly positive for sema3A (Fig. 3b) . In contrast, sema3A staining could be seen in neuroma tissue from all nine patients and the intensity of sema3A staining was much higher than in proximal nerve stumps. It was present in a typical punctate pattern in small, defined areas within the section, apparently secreted into the extracellular matrix. In some neuromas sema3A was also present more diffusely between nerve fascicles (Fig. 3c) . Sema3A was observed in close proximity to minifascicles (Fig.  3c,e,f ) or single nerve fibers (Fig. 3d) . Sema3A staining was not observed around all fascicles, but appeared to be present around a subset of nerve bundles. When a minifascicle was cut transversely, sema3A staining often appeared to surround the axon bundles (Fig. 3f ) . Three-dimensional reconstructions of z-stacked confocal images revealed an intimate relation between secreted sema3A and axons (supplemental Movie 1, available at www.jneurosci.org as supplemental material). Highly similar and overlapping staining patterns in adjacent sections were obtained with all three antibodies. For additional details on sema3A antibody specificity, see the supplemental material (available at www.jneurosci.org).
Immunohistochemistry for S100, neurofilament and sema3A (Fig. 2e) revealed S100 positive Schwann cells enveloping axons. No colocalization of S100 and sema3A was observed (Fig. 2f ) . Immunohistochemistry for fibronectin and sema3A showed that sema3A was primarily present in fibronectin-rich areas associated with perineurial fibroblasts (Fig. 2d) , consistent with the expression of sema3A mRNA by fibroblast-like cells surrounding Figure 1 . Structure of the proximal nerve stump and neuroma from the human brachial plexus and the expression of semaphorin 3A and 3F. a, Neurofilament staining of cross-sections of the proximal nerve stump and the neuroma. In the nerve (left), compact fascicles contain high numbers of closely aligned nerve fibers. In the neuroma (right), nerve fibers are randomly oriented, grouped in either fascicles, minifascicles or as single fibers. Insets, Representative images of cross-sections of nerve and neuroma, showing that the neuroma is larger and more irregularly shaped than the nerve. Scale bar, 250 m. b, The average expression of sema3A as determined by qPCR is 1.8-fold higher in the neuroma than in the proximal nerve stump (*p ϭ 0.008, Wilcoxon signed-rank test), whereas the expression of sema3F does not differ significantly. Error bars indicate the average Ϯ SEM for n ϭ 9.
Figure 2. Extrafascicular fibroblasts are the primary source of sema3A. a, In situ hybridization with the sense probe shows some staining of myelin that is also seen with the antisense probe, but the intense staining of extrafascicular cells is not present. b, c, e, Hybridization with the antisense probe shows cells with a strong fibroblast-like morphology expressing sema3A. The highest expression levels are seen surrounding fascicles (b), between fascicles (c), and surrounding minifascicles (e). d, Immune histology for fibronectin (red), sema3A (N15 antibody, green) and cell nuclei (blue): sema3A is present in fibronectin-rich areas between fascicles. f, Immune histology for S100 (red), neurofilament (blue), and sema3A (green). S100-positive Schwann cells surround axons and do not colocalize with sema3A. The localization of the sema3A protein closely resembles the staining of sema3A mRNA obtained with in situ hybridization. The arrows point at areas of sema3A expression. Scale bars: 50 m.
nerve fascicles (Fig. 2 ). These observations demonstrate that fibroblasts are the primary source of sema3A in the neuroma.
Neurite outgrowth assay F11 cells plated on neuroma sections displayed significantly less outgrowth compared with F11 cells plated on nerve sections (60 vs 83 m; p Ͻ 0.05) (Fig. 4b) . LV-mediated expression of an shRNA targeting npn1 resulted in a knock-down of 77% of npn1 expression. Knock-down of npn1 did not affect neurite length of F11 cells grown on nerve sections ( p ϭ 0.69). In contrast, on neuroma sections the total neurite outgrowth per cell was increased for cells with a knock-down of npn1 expression (101 vs 60 m; p Ͻ 0.01) (Fig. 4b) . LV vector-mediated knock-down of npn1 thus leads to increased neurite outgrowth of F11 cells when plated on neuroma tissue, but not when plated on nerve tissue. This indicates that in the neuroma, sema3A has a chemorepulsive effect on growing neurites.
Discussion
It is widely accepted that neuroma formation at the site of a human peripheral nerve lesion is deleterious to functional recovery. Little is known, however, about the molecular basis for this phenomenon (Sunderland, 1991) . In this study, we show for the first time that several months after the initial trauma the secreted chemorepulsive sema3A is present in human neuroma tissue.
Sema3A is expressed by epineurial and perineurial fibroblasts, but not by Schwann cells. Lesion-induced upregulation of class 3 semaphorins was first noted in meningeal fibroblasts that form the core of the neural scar after penetrating CNS injuries in a rat model (Pasterkamp et al., 1999; de Winter et al., 2002) . Sema3A is also induced in epineurial and perineurial fibroblasts distal to a rat peripheral nerve lesion (Scarlato et al. 2003) . These observations suggest that the activation of fibroblasts at lesion sites in both the CNS and PNS results in enhanced expression of inhibitory proteins like sema3A.
Sema3A protein appears to be secreted by fibroblasts and surrounds neurites and fascicles in a punctate pattern typical for extracellular matrix proteins (De Wit et al., 2005 , 2006 . The close proximity of sema3A to axons and its neurite outgrowthinhibitory effect on F11 cells suggest that sema3A contributes to the fasciculation of regenerating neurites through a mechanism of "surround repulsion," similar to what has been observed during development (Huber et al., 2005) . Immune histology for sema3A and neurofilament in the human proximal nerve stump and neuroma. Sema3A (N15 antibody, green), neurofilament (2H3 antibody; red) and cell nuclei (Topro; blue) are visualized. a, Proximal nerve stump: sema3A expression was usually low and limited to the epineurium surrounding a fascicle. b, Proximal nerve stump: rarely, a weak sema3A signal was observed within a fascicle. c, Neuroma: sema3A is present in a diffuse pattern in the epineurial space in the neuroma, with the highest intensity of staining in the proximity of a minifascicle (arrowhead). d, Neuroma: sema3A surrounds a single axon. e, f, Neuroma: sema3A surrounds a minifascicle. A three-dimensional projection of a z-stack of Figure 2e is available at www.jneurosci.org as supplemental material. The arrows point at areas of sema3A expression, and the arrowhead points at a minifascicle. Scale bars: 20 m. . Knock-down of npn1 leads to an increase in neurite outgrowth per cell on neuroma tissue (**p Ͻ 0.01, paired two-tailed Student's t test), but has no effect on the neurite outgrowth of F11 cells grown on normal nerve tissue.
phorins and CSPGs may therefore stimulate fasciculation in the neuroma.
We propose that a severe traction injury to the brachial plexus causes a disruption of the normal architecture of the nerve and leads to proliferation and redistribution of fibroblasts from the epineurial and perineurial sheets within the nerve. During the process of neuroma formation sema3A is expressed by fibroblasts. In less severe nerve injuries, this may prevent regenerating axons from growing into epineurial tissue and thereby guide them toward the distal endoneurial tubes. There, Schwann cells produce a wide range of neurotrophic factors (Frostick et al., 1998) , eventually leading to successful regeneration. The neuroma material used in this study, however, was obtained from patients without clinical signs of spontaneous functional recovery. This suggests that in these severe lesions, the proliferation of sema3A-secreting fibroblasts contributes to an environment that is hostile to regenerating fibers and counteracts the outgrowthenhancing effects of the more distally located Schwann cells, leading to trapping of neurites within the fibrous scar. Previously, a naturally occurring small molecule was discovered that antagonizes sema3A and promotes recovery of function in a rat model of spinal cord injury (Kaneko et al., 2006) . Progress in creating an animal model for the peripheral nerve neuroma (Sinis et al., 2007) will allow future studies on the effect of this compound on axonal regeneration through neuroma tissue. Such studies could lead to novel strategies that may be applied as an adjuvant therapy to peripheral nerve surgery.
